Thirty acres of Missouri forestland were harvested as a case study to implement two integrated solid hardwood product (SHWP) and biomass treatments: a whole-tree (WT) treatment that removed SHWP trees of Ն7 in. dbh along with their tops; and a whole-tree and smaller-diameter (WTSD) treatment that removed whole trees and 5-7 in. dbh trees. A mechanized system consisting of a feller-buncher, grapple skidder, and loader was used in both treatments. The US Department of Agriculture (USDA) Forest Service General Ground-based Harvesting System Analysis model was used to estimate hourly equipment costs. Activity sampling data were used to separate the costs associated with harvesting SHWP and woody biomass. A sensitivity analysis was used to evaluate the effects of changes in operational costs and equipment utilization rates on average cost per green ton of SHWP and woody biomass. Cost estimates per green ton of harvested material loaded on the truck at the landing (excluding hauling costs) were $31.34 for SHWP and $0.99 for woody biomass in the WT treatment and $28.48 for SHWP and $4.74 for woody biomass in the WTSD treatment. The combined overall average costs per ton for both SHWP and woody biomass were $23.14/ton in the WT treatment and $21.75/ton in the WTSD treatment; there was a reduction of $1.39/ton when tops and smaller-diameter biomass trees were harvested. The cost of woody biomass removal was most sensitive to changes in diesel prices. Operators should be attentive to changes in fuel prices and maximize utilization rates as these can significantly affect the feasibility of biomass removal, particularly smaller-diameter trees.
T he "international oil crisis" of the 1970s triggered one of the first global waves of interest in the utilization of woody biomass as a commercial energy feedstock (Yoshioka et al. 2006) . Woody biomass, a general term that commonly encompasses by-products of conventional timber products, harvest residues, and nonmerchantable small-diameter trees (Janowiak and Webster 2010) , has the potential for diverse energy uses such as heat or power. A more recent spike in oil prices (2007) (2008) ) spurred a second wave of interest in renewable energy sources (Yoshioka et al. 2006, Aguilar and Garrett 2009 ). This latter spike sent the price of a barrel of oil from $51.57 in January of 2007 to $133.60 by July of 2008. Even though oil prices have since receded, the interest in renewable energy continues to date, partly encouraged by formally adopted energy goals Garrett 2009, US Energy Information Administration 2015) . Federal laws such as the Energy Independence and Security Act of 2007 (Public Law 110 -140 2007) and state-level renewable energy portfolio standards support greater use of cellulosic fuels, such as woody biomass, to produce energy (Aguilar and Saunders 2010) . However, economic feasibility can limit the capacity to harvest woody biomass for commercial renewable energy generation. Market prices for wood products and harvest costs jointly play a role in determining the feasibility of woody biomass harvests (Hudson and Mitchell 1992 , Puttock 1995 , Bolding et al. 2009 ). The cost of woody biomass harvesting is an important barrier to overcome before woody biomass is more widely used (Pan et al. 2008) . The inclusion of site, equipment mix, and crew factors in biomass harvesting studies is necessary to comprehensively assess harvesting systems in regional and localized conditions (Watson et al. 1986 , Bolding 2006 , Baker et al. 2010 . Moreover, a definition of what constitutes a woody biomass harvest can be very context specific as it is defined by both biophysical and market value conditions. This issue is highlighted in definitions such as that used by the US Department of Agriculture (USDA) Forest Service (2013) where woody biomass is "the trees and woody plants, including limbs, tops, needles, leaves, and other woody parts, grown in a forest, woodland, or rangeland environment, that are the by-products of forest management."
Numerous studies have been conducted on the most efficient methods for extracting woody biomass. Hudson and Mitchell (1992) stress that woody biomass needs to be integrated with a conventional timber harvest to be economically feasible. There are two main methods of integrated harvesting: a one-pass system where woody biomass is removed simultaneously with conventional solid hardwood products (SHWP) and a two-pass system where the products are removed sequentially (Watson et al. 1986 ). Of the two, a one-pass integrated method has been reported as the most cost efficient (Stuart et al. 1981 , Miller et al. 1987 , Saunders et al. 2012 ). Mitchell and Gallagher (2007) suggest that woody biomass harvested with conventional equipment (i.e., feller-buncher, skidder, and loader) can approach the break-even cost threshold. However, the efficiency of harvesting systems not only is contingent on harvesting equipment but also is dependent on terrain, forest conditions, and the work crew (Yoshioka et al. 2006) . Studies are needed to determine costs for woody biomass harvests and their variability across different site and market conditions. This study represented management and market conditions found in eastern hardwoods of the central region of Missouri. Forests in Missouri are characterized by a dominance of hardwood species with the oak/hickory group covering about 81% of the state's forestlands (USDA Forest Service 2014). The most recent data from the USDA Forest Service Forest Inventory and Analysis (FIA) program suggest that about 27% of Missouri's 15.4 million acres of forestlands are classified as overstocked or fully stocked. This equates to 4.2 million acres that could potentially be harvested to provide woody biomass products and have silvicultural practices adopted to improve forest health and productivity (Smith et al. 1997) . Between 2009 and 2013 timberland in the state experienced a net gain (after deducting mortality and harvests) of 156.2 million ft 3 of growing stock per year. Markets for wood products in the state are dominated by sawlogs, which accounted for about 90% of the volume of SHWP harvested in 2009, and most of the woody biomass used for energy came as residues from the sawmill industry (Piva and Treiman 2012) . Based on a survey of Missouri family forest owners, who own about 78% of the state's forestlands, Aguilar et al. (2013) suggest that there is general support among this group to harvest woody biomass to replace fossil fuels, but a lack of markets for this material was identified as one of the barriers to its commercial harvesting. Other than the work of Saunders et al. (2012) , no other studies have evaluated the efficiency of an integrated harvest in Missouri or within the state central region. Information applicable to local forest and market conditions, especially information pertaining to whole-tree harvests that could be used by owners and managers to decide on the economically feasible removal of woody biomass is currently lacking in the literature.
Aim and Objectives
The aim of this case study was to evaluate the economic feasibility of removing woody biomass in an integrated harvest system that was suitable to operate in Missouri hardwood forest conditions. Sawtimber and firewood were the two main commercial products harvested as part of the prevalent forest management practices in the state. Woody biomass in this study included by-products from a traditional harvest that removes sawlogs and firewood (e.g., tops and limbs) and also smaller-diameter trees (5-7 in. dbh), too small to be used as either sawlogs or firewood based on local market and management conditions. The two specific objectives were to analyze and compare the cost structures of two harvesting treatments to derive average costs ($/green ton) for SHWP and woody biomass and to explore the sensitivity of costs per green ton to changes in operational costs and equipment utilization rates. The study also determined an overall mean value ($/green ton) on board the truck for both SHWP and woody biomass combined. An additional objective was to evaluate the cost of integrating a chipper into the system. Ultimately, this study was designed to provide information that can help determine the economic feasibility of procuring woody biomass, smaller-diameter trees in particular, in hardwood stands and market conditions representative to Missouri.
Methods

Case Study Site Description
The case study was conducted on the Missouri Department of Conservation Whetstone Creek Conservation Area in Callaway County, Missouri. The site consisted of approximately 30 acres with mainly north and east aspects, with slopes ranging from 1 to 20% and an average slope of 10%. During the preharvest inventory, 16 variable radius prism points using a 10-factor prism were randomly placed to measure overstory (5 in.ϩ dbh) stand conditions. A random sampling method was chosen because this is a commonly used forest sampling method and because it gives an unbiased estimate of the stand's average overstory conditions (Scott and Klopfer 1999, Husch et al. 2003) . The average number of trees per acre by diameter class and species is presented in Figure 1 . Based on the Gingrich stocking diagram, the stand was fully stocked at 95% based on the stand parameters of average basal area per acre and average number of trees per acre. The stand contained approximately 123 trees per acre and an average dbh of 14 inches. Live tree basal area per acre was about 117 ft 2 with a site index of 49 ft on a base age of 50 years. To promote oak regeneration approximately half of the stand's basal area was marked to be harvested. Trees were marked down to a minimum dbh of 5 in. After the marking, 6 replication plots, ranging in size from 4 to 6 acres, were established to allow for comparisons between treatments. Randomly, three of the replication plots were assigned to the first treatment (WT), which consisted of a whole-tree harvest that extracted merchantable sawlogs and firewood (referred to here as SHWP) along with their tops. Sawlogs were trees that had a dbh of Ն14 in. In the context of prevalent markets for the region of this particular study, trees with a dbh between 7 and 14 in. are marketed as firewood because of the absence of a strong pulpwood market for hardwoods in central Missouri (Piva and Treiman 2012) . The remaining three replication plots were assigned to the second treatment (WTSD), which was a WT harvest that also removed smaller-diameter biomass trees in addition to SHWP. In this study, smaller-diameter hardwood biomass trees (5-7 in. dbh) were too small to be used for firewood. Approximately 14 acres total were assigned to be harvested under the WT treatment and 16 acres total under the WTSD treatment. After the harvest, 50 1/10 acre sample points were taken across the study site to measure overstory trees (trees 5 in.ϩ dbh) for residual damage and also to allow an estimate of postharvest basal area levels.
Harvest System
A mechanized harvest system was used to conduct both treatments. The equipment mix consisted of a 2001 model John Deere 753G tracked feller-buncher with a high-speed continuous circular saw, a 1998 model Timberjack 460 grapple skidder, and a 1999 model Timberjack 530 trailer-mounted loader with a pull-through delimber and log bucking table. The feller-buncher cut and bunched SHWP trees (7 in.ϩ dbh) in the WT treatment. In the WTSD treatment, the feller-buncher cut SHWP trees and smallerdiameter biomass trees (5-7 in. dbh) together in one pass. Bunches were then skidded to the landing. The skidder either transported the bunch directly to the loader or decked the logs in the field if the loader was not in operation. The loader delimbed and topped trees, cut and sorted logs by product class, and loaded the truck. SHWP were cut into piece lengths to be hauled to the mill. Tops and smaller-diameter trees were moved from the loader by the skidder and cold-decked on the landing to be processed after the harvest was completed. In this particular study, the logging company sold the woody biomass material on the landing to be processed by another company. To comply with Missouri's Woody Biomass Harvesting Best Management Practices, one-third of tops and smaller-diameter trees were retained in the harvested area (Missouri Department of Conservation 2009).
Harvest Yields
To determine the tonnage of material removed by each treatment, the USDA Forest Service's TWIGS Central States volume equations were used to determine net ft 3 volume of SHWP and weight of biomass in tons for all trees removed. It is worth emphasizing that all weights referenced as tons in the study are green tons, short tons equivalent to 0.9072 metric tonnes. The TWIGS criteria for calculating ft 3 included trees with a minimum dbh of 5 in. down to a 4-in. diameter top (Miner et al. 1988) . Tops with a diameter of Ͻ4 in. and limbs were categorized as residue and calculated as green tons (Miner et al. 1988 ). The TWIGS volume equations do not directly calculate the weight of trees in tons as they do tops and limbs, so to compare the cost per ton of woody biomass to SHWP harvested, the net ft 3 volume of SHWP was converted to pounds following Smith (1985) . The total weight in pounds of SHWP from trees that had a dbh of Ͼ7 in. was summed and divided by 2,000 to convert pounds to tons. To determine the total tons of residues, tops, and smaller-diameter biomass trees harvested, the residue weight in tons of trees that had a dbh of Ͼ7 in. was summed and added to the weight of the smaller-diameter trees (stem ϩ top) to yield a total weight in tons for harvested biomass material. To account for the one-third of tops and smaller-diameter trees that were left on site to meet best management practices standards, one-third of the residue weight of SHWP trees and one-third of the weight of the smaller-diameter trees was subtracted to yield an estimate of the biomass material that was actually harvested. It is worth mentioning that the WT treatment yielded some amount of biomass that included SHWP by-products at the landing such as limbs and tops, but the main difference in woody biomass yields between the WT and WTSD treatments was related to the removal of smaller-diameter biomass trees in the latter.
Equipment Productivity Data Collection
Activity information during the harvest was gathered by data recorders attached to each piece of equipment and by field personnel. A MultiDAT with a global positioning system (GPS) was attached to the feller-buncher and skidder. The MultiDAT tracked movement and logged the amount of time that the equipment was in production (GENEQ n.d.). To record production times, a MultiDAT was mounted on each piece of equipment and calibrated to detect when that piece of equipment ran above an idle before the start of the harvest. A Yellow Activity Monitoring System or "Yellow Box" was attached to the loader. The Yellow Box monitored the time that the equipment was in production similar to the Multi-DAT by detecting vibrations from the equipment that were above idling speed (Kinetic Electronic Designs n.d.) .
To supplement data collected by the MultiDAT and Yellow Box, time-and-motion data were collected to determine skidder cycle time using methods reported in previous studies (Kluender et al. 1997 , Lowell et al. 2008 , Pan et al. 2008 , Chris LeDoux, USDA Forest Service, pers. comm., Feb. 8, 2011 . A skidder cycle began when the skidder exited the landing to collect a bunch of trees and ended when the skidder exited the landing to collect the next bunch. Cycle time data, including delays, were collected by field personnel using a stopwatch at the landing. Data collected in the woods consisted of the number of trees per bunch, the dbh of each tree, a visual estimate of the percentage of the tree top cut off if a tree had to be topped to prevent residual damage to the standing trees, and delays. An estimate of the percentage of the tree top cut off and left in the woods was made to estimate the corresponding percentage of weight of that top. These data were collected to estimate the weight in tons per skidder cycle using the TWIGS equations and the Smith (1985) conversion table. The skidding distance for each cycle was estimated using GPS data from the MultiDAT.
Activity sampling data were collected on the feller-buncher and loader. Activity sampling estimated the proportion of time spent performing different tasks by the equipment (Olsen and Kellogg 1983) . Data were taken at 30-second intervals for the loader and at 10-second intervals for the feller-buncher (Saunders et al. 2012) . At the end of each interval, the activity being performed by the equipment was recorded. The number of observations for each activity was aggregated and divided by the total number of samples to determine the percentage of time spent performing the activity as in Westbrook et al. (2007) and Bolding et al. (2009) . Feller-buncher activities were categorized as cutting SHWP trees, cutting smallerdiameter biomass trees, dropping SHWP trees, dropping smallerdiameter biomass trees, moving to cut, and delay (and reason). Loader activities were categorized as processing trees (delimbing and bucking), stacking sawlogs, stacking firewood, stacking woody biomass, loading sawlogs, loading firewood, and delay (and reason). The data collected during the activity sampling were applied to the productive machine hours that were recorded by the MultiDAT and Yellow Box to determine the amount of hours that the equipment spent conducting different work activities.
Cost Structure Analysis
To determine harvest costs, both fixed costs (FC) and variable costs (VC) were either directly gathered from the logger or estimated. FC are incurred and remain constant regardless of the level of output from the operation and include depreciation, interest, insurance, and taxes based on the machine rate method (Miyata 1980 , Klemperer 1996 , Brinker et al. 2002 . Equipment purchase price, salvage value, and economic lifespan information are also necessary to determine FC (Miyata 1980) . These values were entered into the USDA Forest Service General Ground-based Harvesting System Analysis model to calculate FC per scheduled machine hour (SMH) (USDA Forest Service n.d.a.). Equation 1 in the Appendix represents the model equation to estimate FC per SMH. SMH was assumed to be 2,000 hours for 1 year (Miyata 1980 , Brinker et al. 2002 . The 60% salvage value was based on the USDA Forest Service Machine Rate Calculator because the equipment used in the study was second-hand (10 years old or older) and would not depreciate as quickly as new equipment. Salvage values from the Machine Rate Calculator show that the majority of depreciation occurs during the equipment's first 5 years, but after this period depreciation rates decrease (Thompson and Rummer 2007, USDA Forest Service n.d.b.) . An interest rate of 5% was chosen to reflect low capital costs at the time of the harvest (Saunders et al. 2012) . The interest rate represents the opportunity cost to the logger for investing capital in the logging equipment. Labor was also included as a FC in the General Ground-based Harvesting model, assuming that laborers were paid for an 8-hour workday. VC are a result of equipment being in operation and costs vary with the amount of time the equipment is in use (Brinker et al. 2002) . VC include fuel consumption, lubrication, and repair and maintenance (Miyata 1980 , Brinker et al. 2002 . These VC values were entered into the USDA Forest Service General Ground-based Harvesting model to yield VC per productive machine hour (PMH), with PMH being the hours that the equipment is in actual operation. The General Groundbased Harvesting model allowed information such as salvage values, utilization rates, and fuel costs that were specific to this particular study to be used in the model to estimate equipment costs (Bob Rummer, USDA Forest Service, pers. comm., July 1, 2010). Equation 2 represents the model equation to estimate VC per PMH.
To distribute costs between the SHWP and the woody biomass, the activity sampling and time-in-motion data were used to estimate the proportion of time that was spent handling woody biomass material. Costs were then allocated to the woody biomass based on the estimated percentage of time that the equipment handled the material. Allocating costs to the woody biomass was necessary because the additional equipment time was used to harvest and process the smaller-diameter biomass trees (Puttock 1995) . The methods used to distribute costs to the woody biomass in this study are similar to those used by Saunders et al. (2012) . Tops of SHWP trees in each treatment were treated as by-products in that they were harvested without additional cost until separation at the landing, i.e., until after they were separated by the loader (Miller et al. 1987) . Once the products were separated, any further costs were identified for each individual product and treated as a marginal cost (Bragg 2001) . The cost of tops that were broken off on the landing (before reaching the delimber), smaller-diameter woody biomass trees, and harvest residues that were handled by the loader grapple were allocated to the woody biomass because the material had been separated from the SHWP. Tops that were cold-decked by the skidder were still considered as a by-product of the SHWP because in a WT harvest the skidder would be required to move the tops away from the loader whether the tops were marketed for biomass or not.
Costs and equipment information were entered into the USDA Forest Service General Ground-based Harvesting System Analysis model to calculate FC per SMH and VC per PMH. MultiDAT data were analyzed using the MultiDAT 5.1.3 software program to estimate feller-buncher and skidder PMH. Waypoints collected by the Multi-DAT were analyzed in ArcGIS 9.3.1 to determine skidder cycle distances, delay times, and time spent by the equipment in each treatment. Yellow Box data were analyzed using the Yellow Activity Monitoring System 2.7.11.4 to estimate the loader's PMH.
Harvest Cost Equations and Sensitivity Analysis
Time-in-motion and activity sampling data were used to determine the harvesting system cost structure by estimating cost per ton for SHWP and woody biomass and work activity percentages. The FC per ton of SHWP and woody biomass material harvested was calculated for each treatment using Equations 3-6 (Appendix). The VC per ton of SHWP and woody biomass material was calculated for each treatment using Equations 7-10 (Appendix). Total FC and VC were combined to yield a cost per ton for SHWP and woody biomass in each treatment. The total cost for harvesting SHWP and woody biomass combined for each treatment was determined using Equation 11 (Appendix). The overall average cost per ton for harvesting both SHWP and woody biomass in each treatment was calculated using Equation 12 (Appendix).
A sensitivity analysis was conducted to elicit the effect of changes in fuel costs, equipment purchase price, and equipment utilization rates on harvesting costs. Fuel costs and equipment purchase prices were decreased by a total of 50% and increased by a total of 100% from the initial study costs at 10% increments. In the sensitivity analysis, only one variable was changed at a time while all other costs were held constant. Equipment utilization rates were decreased to 10% and increased to 90%, at 10% increments, to elicit how utilization improvements would affect harvesting costs. The change in cost per ton was calculated for each scenario. It is worth mentioning that the sensitivity analysis is based on changes in input prices and not in actual operation. Our results are consequently limited to sites of similar conditions using the same equipment and production rates as in this study.
Results
In the WT treatment, 358.2 tons of SHWP and 132.6 tons of woody biomass were harvested, an average of 25.6 tons/acre of SHWP and 9.5 tons/acre of woody biomass. In the WTSD treatment, 418.2 tons of SHWP and 165.6 tons of woody biomass were harvested, an average of 26.1 tons of SHWP and 10.4 tons of woody biomass/acre. Of the woody biomass harvested in the WTSD treatment, 11.6 tons (7%) were smaller-diameter biomass trees (5-7 in. dbh range). An analysis of variance conducted in SAS 9.2 was used to compare the average tons of SHWP harvested per acre and the average tons of SHWP plus smaller-diameter biomass trees harvested per acre between the two treatments and showed no statistically significant difference at ␣ ϭ 0.05. Postharvest inventory data indicated that the residual average basal area per acre was 48 ft 2 .
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Figures 2-4 give the percentages of time that the loader and the feller-buncher spent conducting different work activities during the activity sampling. For data collection purposes, the loader's hours were combined between the treatments. In some cases, material from each treatment were handled by the loader during the same activity sampling period, making it difficult to assign time spent handling products between treatments. Therefore, activity sampling data were allocated equally between treatments. The loader was observed for 20.4 hours for a total of 2,442 activity samples (Figure 2) .
The loader was on site for 182 SMH and was in operation for 99.1 PMH, giving the loader a utilization rate of 54% (Tables 1 and  2 give SMH and PMH production rates).
The feller-buncher was observed for 7.2 hours for a total of 2,601 activity samples in the WT treatment (Figure 3 ). For the WT treatment, the feller-buncher spent 88 SMH on site and operated for 25.2 PMH for a utilization rate of 29%. The feller-buncher was observed for 9.6 hours for a total of 3,456 activity samples in the WTSD treatment (Figure 4 ). For the WTSD treatment, the fellerbuncher was on site for 99 SMH and operated for 31.7 PMH for a utilization rate of 32%.
In the WT treatment, all of the skidder's time was allocated to handling SHWP or delays. The skidder allocated 97 SMH and operated for 69.4 PMH, giving it a 72% utilization rate in the WT treatment. In the WTSD treatment, handling of smaller-diameter biomass trees accounted for 11% of the skidder's time. The skidder was on site for 111 SMH and operated for 65 PMH, giving it a utilization rate of 59% in the WTSD treatment. Table 3 shows the cost of labor and the cost to own each piece of equipment per SMH. For each piece of equipment, the majority of the FC was associated with paying the equipment operator. Table 4 shows the cost of operating each piece of equipment per PMH. VC in Table 4 differed between treatments because of differences in feller-buncher and skidder utilization rates.
Equations 3 through 10 in the Appendix were used to convert FC per SMH and VC per PMH into FC per ton and VC per ton to determine a cost per ton for harvesting SHWP and woody biomass (in addition to costs per short ton, these estimates were converted to metric tonnage, hereafter simply referred to as "tonne"). In the WT treatment, harvesting and processing SHWP and woody biomass cost $31.35 and $0.99/ton ($34.56 and $1.09/tonne), respectively (Table 5 ). In the WTSD treatment, these costs were $28.49 and $4.75/ton ($31.40 and $5.24/tonne), respectively (Table 5) . By using Equations 11 and 12 in the Appendix, the overall average harvest costs per ton for all material harvested was $23.14/ton ($25.51/tonne) in the WT treatment and $21.75/ton ($23.98/tonne) in the WTSD treatment, a difference of $1.39/ton ($1.53/tonne). The cost of integrating a chipper into a harvesting system was analyzed by Saunders et al. (2012) . Because the logger did not integrate a chipper into the harvesting system in this particular study, the chipper cost estimates of Saunders et al. were used because both studies were carried out in hardwood stand conditions in Missouri. Saunders et al. found that integrating a prototype Vermeer chipper increased the cost of harvesting woody biomass by $5.35/ton. The chipper is only used to handle woody biomass, so no costs are incurred by the SHWP. The cost of chipping would increase woody biomass costs to approximately $6.34/ton in the WT treatment and $10.09/ton in the WTSD treatment.
In the sensitivity analysis of fuel costs, each 10% change in corresponding prices caused an average change of 3% in the harvesting costs of the SHWP and woody biomass in each treatment ( Figure 5 ). In the case of changes in equipment purchasing price, Figure 6 shows the associated changes in cost per ton of SHWP and woody biomass. Every 10% change in equipment costs resulted in an average 1% change in costs for SHWP and biomass in each treatment. This finding points to the greater sensitivity of both WT and WTSD systems to changes in diesel prices than to equipment costs. Moreover, the costs of woody biomass harvesting are more directly For the equipment utilization rate analysis, the observed PMH were assumed to remain unchanged, whereas the SMH were decreased or increased to reflect the utilization rate being analyzed (Figure 7 ). This method was modeled after that of Harrill and Han (2012) . Analysis of changes in utilization rates, given the specific equipment mix for this study, allows comparisons with other studies with different utilization rates, along with a demonstration of the effects that utilization rates have on harvesting costs. For instance, for every 10% change in utilization rates, costs per ton of SHWP changed an average of 37% in the WT treatment and 35% in the WTSD treatment. For woody biomass, costs per ton changed an average of 39% in the WT treatment and 37% in the WTSD treatment per every 10% increase in utilization rates. It is important to notice that the greatest reductions in cost per ton were observed at the lowest rate of the scale (e.g., the steepest slopes denoting the largest reduction in harvesting costs per ton were between 10 and 30% utilization rates). This chart illustrates that, to keep SHWP costs below $30/ton, utilization rates of at least 50% in the WTSD treatment and 60% in the WT treatment are necessary. There was a sharper effect in biomass costs between treatments where at a similar 50% utilization rate biomass could be harvested at a cost of $1.05/ton in the WT treatment and $4.88/ton in the WTSD treatment.
Discussion
Activity sampling and time-in-motion data indicate that the majority of the equipment's time was spent moving to cut and handling SHWP because the corresponding trees comprised the greatest proportion of trees marked for harvest in either treatment. In both treatments, the feller-buncher had the highest FC per ton of SHWP.
This was because the feller-buncher had the highest SMH costs due to the equipment's higher purchase price and insurance costs. In the WT treatment, the skidder had a higher FC per ton of SHWP than the loader because of a lower productivity rate of 3.7 tons/SMH compared with 4.4 tons/SMH for the loader. In the WTSD treatment, the skidder had the lowest FC per ton of SHWP due to an increase in productivity up to 4.2 tons/SMH.
In both treatments, the skidder had the highest VC per ton of SHWP because it had the lowest productivity at 5.2 tons/PMH and 7.2 tons/PHM for the WT and WTSD treatments, respectively. The feller-buncher had the lowest VC per ton of SHWP in each treatment because it had the highest productivity rates of 14.2 tons/PMH and 13.6 tons/PMH for the WT and WTSD treatments, respectively. During operation the feller-buncher could cut enough material to supply the skidder and loader even though the feller-buncher spent less time in operation. This partly explains why the feller-buncher utilization rates in this study, 29% in the WT treatment and 32% in the WTSD treatment, were low in comparison to the estimated 60% utilization rate for a large tracked fellerbuncher with a boom found by Brinker et al. 2002 . Another reason for lower utilization rates was linked to the scheduling of time to operate the machine. The feller-buncher utilization rate range of 29 to 32% was more comparable to the 36% reported by Saunders et al. (2012) for a woody biomass harvest in somewhat comparable conditions in southeastern Missouri. Skidder utilization in the WT treatment was 72%, similar to the 71% reported by Saunders et al. In the WTSD treatment, skidder utilization was lower at 59%. Loader utilization was higher in this study at 54% compared to 45% in the study of Saunders et al. (2012) study. Equipment utilization rates observed in this study were higher than the equipment suite utilization rate of 25% observed by Mitchell and Gallagher (2007) in southern pine forest conditions in Alabama. The equipment suite observed by Mitchell and Gallagher included a Hydro-Ax fellerbuncher, a rubber-tired grapple skidder, a loader, and a chipper that harvested woody biomass for fuel chips.
In the WT treatment, no costs were allocated to the fellerbuncher or skidder for handling tops following Miller et al. (1987) . In the WTSD treatment, the skidder had the highest woody biomass harvesting costs because it was less efficient for harvesting smaller-diameter biomass trees. The feller-buncher had the lowest woody biomass harvesting costs because it had the highest smallerdiameter biomass tree harvesting efficiency levels. We observed a higher cost per ton of SHWP harvested under the WT treatment than under the WTSD treatment of $2.86/ton. One reason for this was the higher skidder costs of the WT treatment. On average, the skidder had longer haul distances from the WT plots to the landing, which increased skidding costs. The average skid distance observed during the time-in-motion sampling in the WT treatment was 3,206 ft compared with 1,607 ft in the WTSD treatment. Other reasons for the difference are the different equipment utilization rates between the treatments and the allocation of harvesting costs to the smaller-diameter biomass trees in the WTSD treatment. Loader costs per ton of SHWP were the same for each treatment because the loader handled material from each treatment simultaneously.
Woody biomass costs were higher in the WTSD treatment than in the WT treatment because the feller-buncher and skidder had to allocate time to harvest smaller-diameter biomass trees. The skidder had the highest woody biomass cost because of spending a greater proportion of its time handling smaller-diameter biomass trees than the loader and feller-buncher. Loader costs for handling smaller-diameter biomass trees, tops, and harvest residues were assigned equally between the treatments.
Overall, the average harvesting costs per ton were lower in the WTSD treatment by $1.39/ton. Although the WTSD treatment resulted in higher harvesting costs per ton for woody biomass ($3.75/ton), the overall average harvest costs per ton were reduced when tops and smaller-diameter biomass trees were harvested because a greater portion of costs was allocated to the woody biomass, which lowered SHWP harvesting costs, and greater harvest yields. SHWP costs in the WTSD treatment were also lower because the treatment had on average shorter skid distances to the landing.
Woody biomass costs in this study were lower than the $22.80/ton reported by Saunders et al. (2012) . It is worth mentioning that Saunders et al. conducted a cut-to-length system where the volume of tops used for woody biomass was relatively small in comparison to this study, so these figures cannot be easily compared. Had Saunders et al. observed a greater volume of tops used for woody biomass, costs may have probably decreased. When smallerdiameter biomass trees were analyzed separately from the tops, their costs were $78.94/ton. Relatively low production rates of smallerdiameter biomass trees in comparison to SHWP production rates translated into higher costs. Other researchers such as Perez-Verdin et al. (2009) have also noted that harvesting smaller-diameter trees for biomass is more expensive than that of other sources of biomass. Analyzed separately from the tops, smaller-diameter biomass tree production rates ranged from 1.6 tons/PMH for the skidder to 12.2 tons/PMH for the feller-buncher. In the WTSD treatment, SHWP productivity rates ranged from 7.2 tons/PMH for the skidder to 13.6 tons/PMH for the feller-buncher. This indicates the inefficiency of the equipment suite used in this study in harvesting smaller-diameter biomass trees, whereas, on the other hand, tops were hauled free-of-cost to the landing (Miller et al. 1987) .
Of the scenarios examined in the sensitivity analysis, changes in fuel prices and utilization rates caused the greatest percentage change in SHWP and woody biomass costs compared with changes in equipment purchasing costs (Figure 8 ). Fuel had the greatest impact as it was the greatest variable input into harvesting a ton of material. Because fuel costs are exogenously determined, woody biomass harvesting operations, in particular those removing smaller-diameter trees should be very mindful of price fluctuations. Lower diesel prices can reduce the costs of removing woody biomass but to make it a feasible activity, operators should carefully evaluate local energy markets that in turn could also be influenced by lower fossil fuel prices to deem it an economically feasible alternative. Conceivably, if diesel prices were to remain low with the consequent improvement in the costs of smaller-diameter biomass tree removal, biomass from these materials could be extended beyond energy to other uses (e.g., mulch) as has been observed in the area where the study was conducted. Ultimately, lower costs for removing smallerdiameter trees could help improve the prospects for more active management of Missouri forestlands.
The opportunities to decrease costs through higher utilization rates were available for both SHWP and woody biomass. In this study, increases in equipment utilization could reduce SHWP harvesting costs by approximately 24% in the WT and 31% in the WTSD treatment and woody biomass costs by approximately 25% in both treatments. Equipment purchasing costs had the least effect because of the ability of equipment to spread purchasing costs throughout the work year (Saunders et al. 2012) . Woody biomass costs in the WT treatment were least sensitive to changes because the tops have a minimal amount of cost inputs. Across treatments, it was evident that the product that was least sensitive to changes in costs of selected input variables, as well as utilization rates, was woody biomass harvested as part of the WT treatment. These findings highlight how woody biomass procurement feasibility is more resilient to price changes and conditions derived from labor or equipment (which can affect utilization rates) when it is a coproduct of other higher-value products.
Opportunities were present for the logging crew to potentially decrease costs. A higher equipment utilization rate is one way to accomplish this objective. Increased equipment productivity through operational in-woods modifications would also decrease costs. For instance, skidder productivity may have been increased by the skidder and the feller-buncher creating larger bunches. This would have been particularly beneficial on longer skid turns. However, in hardwood stands the feller-buncher may cause excessive damage to the residual timber when trying to build a larger bunch. Loader productivity could have improved with a more experienced operator. The logging operation had owned the loader for only a short period of time before the start of the study.
Conclusions
Harvesting cost per ton for woody biomass material at the landing was estimated to be $0.99/ton ($1.09/tonne) for the WT treatment and $4.74/ton ($5.22/tonne) for the WTSD treatment, given the particular conditions and equipment used in this case study. Harvesting tops only in the WT treatment was less costly than integrating smaller-diameter biomass trees into the system because of challenges in equipment efficiency when smaller trees are harvested. The addition of a chipper increased costs to approximately $6.34 (ϩ540%) and $10.09 (ϩ113%) per ton in the WT and WTSD treatments, respectively. When the overall average woody biomass harvesting costs are compared, the WTSD treatment cost was $1.39/ton ($1.53/tonne) lower than that for the WT treatment. Although woody biomass costs per ton were higher in the WTSD treatment, this cost was compensated for by a lower SHWP cost per ton. This is in agreement with previous studies indicating that woody biomass procurement is most feasible when the material is integrated with the harvest of a higher value product. Sensitivity analysis results showed that changes in utilization rates can have a significant impact on harvesting costs. A 10% change in utilization rates changed the cost of harvesting SHWP by an average of 35-37%, whereas woody biomass costs changed by an average of 37-39%. Increased equipment productivity and operator skill could also decrease harvesting costs. However, although increased utilization and operator skill would reduce costs, the ability of integrated harvests to be economically feasible will remain dependent on local markets and the cost of fuel, labor, and equipment. Lower fossil fuel prices recently experienced could support greater woody biomass removals if competitive with locally available energy feedstocks. where R&M ϭ % of depreciation and n ϭ equipment life in years ϭ 5 years. 
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